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A b s t r a c t  . .  

A q u a n t i t a t i v e  s t u d y  o f  t h e  i n t r u s i o n  o f  n a t u r a l  e l e c t r o n s  

i n t o  t h e  i n n e r  r a d i a t i o n  z o n e  d u r i n g  a n d  a f t e r  t h e  g e o m a g n e t i c  

storm o f  S e p t e m b e r  2, 1 9 6 6  shows t h a t  t h e  t r a n s p o r t  i s  c o n s i s t e n t  . 
w i t h  a r a d i a l  d i f f u s i o n  mechanism i n  w h i c h  t h e  f i r s t  two 

i n v a r i a n t s  a r e  c o n s e r v e d .  E x c e p t  f o r  t h e  t h r e e  d a y  p e r i o d  o f  

the s t o r m  ma in  p h a s e  when d a t a  w e r e  m i s s i n g ,  t h e  r a d i a l  d i f f u s i o n  

-1 d a y  , i n  t h e  r a n g e  -5 L7.9 -0.5 
c o e f f i c i e n t  i s  D = 2.7  x 10 F.l 

-1 1.7 < L < 2 . 6  and  13.3 1.1 27.4 Mev g a u s s  . T h i s  v a l u e  - - .. 

c o u l d  b e  p r o d u c e d  by v a r i a t i o n  of  a l a r g e - s c a l e  e l e c t r i c  f i e l d  

a c r o s s  t h e  m a g n e t o s p h e r e  h a v i n g  a n  a m p l i t u d e  .of 0 .28  mv p e r  

meter a n d  a p e r i o d  of  1600  s e c o n d s .  E l e c t r i c  f i e l d s  h a v i n g  

a p p r o x i m a t e l y  t h e s e  c h a r a c t e r i s t i c s  h a v e  b e e n  i n f e r r e d  f r o m  

p r e v i o u s  o b s e r v a t i o n s  o f  t h e  m o t i o n  of w h i s t l e r  d u q t s  w i t h i n  

t h e  p l a s m a p a u s e .  I f  f i e l d s  o f  t h i s  a m p l i t u d e  and  p e r i o d  e x i s t  - 
t h r o u g h o u t  t h e  m a g n e t o s p h e r e ,  t h e  r a d i a l  d i f f u s i o n  of  a l l  

g e o m a g n e t i c a l l y  t r a p p e d  p a r t i c l e s  e x c e p t  t h e  h i g h  e n e r g y  i n n e r  

z o n e  p r o t o n s  i s  s t r o n g l y  i n f l u e n c e d  by e l e c t r i c  f i e l d  v a r i a t i o n s .  

'\ 

A c o m p r e h e n s i v e  r e v i e w  o f  p r e v i o u s l y  r e p o r t e d  r a d i a l  d i f f u s i o n  . 

C o e f f i c i e n t s  shows r e a s o n a b l e  a g r e e m e n t  f o r  L l e s s  t h a n  a b o u t  

3.0, b u t  s e r i o u s  d i s c r e p a n c i e s  among r e p o r t e d  v a l u e s  e x i s t  f o r  

:. - - .  

- -  
I 

. . d e t e r m i n a t i o n s ,  made i n  t h e  out .e r -  zone-, Zhe3k ' d 5 s c r e p a n c i e s  
. .  

c a n n o t  b e  e x p l a i n e d  by t h e  s i m p l e  t h e o r y  o f  r a d i a l  d i f f u s i o n  

d u e  t o  v a r i a t i o n  o f  l a r g e - s c a l e  e l e c t r i c  o r  m a g n e t i c  f i e l d s . .  
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1. I n t r o d u c t i o n  

The i d e n t i f i c a t i o n  o f  t h e  i m p o r t a n t  s o u r c e ,  t r a n s p o r t ,  

and  l o s s  mechanisms f o r  e n e r g e t i c  t r a p p e d  e l e c t r o n s  i s  made 

d i f f i c u l t  by t h e  f a c t  t h a t  s e v e r a l  mechanisms o p e r a t e  

s i m u l t a n e o u s l y  a t  mos t  t i m e s .  Under  t h e s e  c o n d i t i o n s  t h e  t i m e  

h i s t o r y  o f  t h e  e l e c t r o n  d i s t r i b u t i o n  may n o t  r e v e a l  t h e  u n d e r -  

l y i n g  p h y s i c a l  p r o c e s s e s .  From t i m e  t o  t i m e  t h e  d i s t r i b u t i o n  

is a l t e r e d  i n  s u c h  a way t h a t  a s i n g l e  mechanism t e m p o r a r i l y  

d o m i n a t e s  t h e  t i m e  v a r i a t i o n  o f  t h e  d i s t r i b u t i o n .  Such e v e n t s  

p e r m i t  q u a n t i t a t i v e  e v a l u a t i o n  o f  v a r i o u s  h y p o t h e t i c a l  mechan i sms .  

N o t a b l e  e x a m p l e s  o f  t h e s e  e v e n t s  i n c l u d e  t h e  S t a r f i s h  a d d i t i o n ,  

whose s t u d y  d e m o n s t r a t e d  t h e  i m p o r t a n c e  o f  a t m o s p h e r i c  s c a t t e r i n g  

a t  low a l t i t u d e s  and  t h e  v e r y  l o n g  p i t c h ' a n g l e  d i f f u s i o n  

. .  

l i f e t i m e s  a t  t h e  maximum o f  t h e ' i n n e r  z o n e  (Van A l l e n ,  1 9 6 6 ) ;  - 
the n u c l e a r  i n j e c t i o n  o f  November 1, 1 9 6 2 ,  f r o m  w h i c h  unambiguous  

d e t e r m i n a t i o n s  o f  p i t c h  a n g l e  d i f f u s i o n  l i f e t i m e s .  a n d  r a d i a l  

d i f f u s i o n  c o e f f i c i e n t s  were made (Newkirk  and  Walt 1 9 6 8 ) ;  

the m a g n e t i c  s t o r m s  o f  1 9 6 5  f r o m  w h i c h  e l e c t r o n  a c c e l e r a t i o n  

- -' . 

w i t b i n  t h e  m a g n e t o s p h e r e  was d e m o n s t r a t e d  ( W i l l i a m s  et &., 1 9 6 8 ) ;  

a n d  t h e  i n j e c t i o n  o f  December 20-29,  1 9 6 2 ,  f r o m  w h i c h  o u t e r - z o n e  

r a d i a l  d i f f u s i o n  c o e f f i c i e n t s  c o u l d  b e  c a l c u l a t e d  (Newkirk  and . 

-' Walt 1 9 6 8 ;  L a n z e r o t t i  et E&., 1 9 7 0 ) .  

A n o t h e r  s u c h  e v e n t  h a s  b e e n  s e l e c t e d  i n  t h i s  s t u d y :  t h e  

f i r s t  o b s e r v e d  n a t u r a l  i n t r u s i o n  of  e l e c t r o n s  i n t o  t h e  i n n e r .  

, Zone a f t e r  t h e  S t a r f i s h  e x p l o s i o n .  I t  h a s  b e e n  u s e d  t o  

d e t e r m i n e  a n  a p p r o p r i a t e  r a d i a l  d i f f u s i o n  c o e f f i c i s n t  b e f o r e  

and  a f t e r  t h e  m a g n e t i c  s t o r n :  wh ich  c a u s e d  t h e  i n t r u s i o n . .  



The c o m p u t a t 5 z - z  a5 s u c h  a c o e f f i c i e n t  d o e s  n o t  d e m o n s t r a t e  

t he  e x i s t e n c e  of  t l= x e r h a n i s m  o f  r a d i a l  d i f f u s i o n .  The 

mechanism d e p e n d s  q== m a g n e t i c  a n d  e l e c t r i c  f i e l d  v a r i a t i o n s  

for which  t h e r e  2s f2= o n l y  l i m i t e d  e x p e r i m e n t a l  e v i d e n c e .  The 

e v e n t s  i n  t h e  r a d i r = i o n  b e l t  w h i c h  h a v e  p e r m i t t e d  c a 1 . c u l a t i o n s  

of r a d i a l  d i f f u s i c i  r o s f f i c i e n t s  h a v e  i n v o l v e d  p a r t i c l e s  i n  

v a r i o u s  l o c a t i o n s  == 2 5 f f e r e n t  t i m e s  h a v i n g  d i f f e r e n t  f i r s t  

i n v a r i a n t  V a l u e s -  Z ? h  r e s u l t i n g  c o e f f i c i e n t s  w h i c h  h a v e  b e e n  

r e p o r t e d  i n  t h e  lf=zra;ature h a v e  shown so l i t t l e  r e s e m b l a n c e  

t o  e a c h  o t h e r  a s  eo cast d o u b t  on  t h e  p h y s i c a l  r e a J i t y  o f  t h e  

assumed d i f f u s i o n  - - , s = % a n i s m .  It is shown i n  t h i s  work t h a t  

s u i t a b l e  c o m p a r i s c =  3 e t w e e n  t h e  r e p o r t e d  v a l u e s  a n d  r e l a t i v e l y  

s i m p l e  t h e o r e t i c a l  z r e d i c t i o n s  p r e v i o u s l y  p u b l i s h e d  r e d u c e s  

t h e s e  a p p a r e n t  d i s c r e 2 a n c i e s  s u b s t a n t i a l l y ,  t h e r e b y  s t r e n g t h e n i n g  

t h e  case f o r  t h e  p5ysieal e x i s t e n c e  o f  t h e  r a d i a l  d i f f u s i o n  

mechanism a n d  t h e  z a 2 r o p r i a t e n e s s  o f  t h e  t r a n s p o r t  e q u a t i o n  

' '\ w h i c h  h a s  b e e n  u s e e  to d e s c r i b e  i t .  

2. G e o m a g n e t i c  SZoz3 a n d  I n n e r  Zone E l e c t r o n  I n j e c t i o n  

'The g e o m a g n e t i c  s t o r m  of  Sep tember  2, 1 9 6 6  (day  245) w a s  a 

modera-tely i n t e n s e  storm with a s u d d e n  commencement a t  a b o u t  

0830 UT a n d  a m a i n  pbase d e c r e a s e  s t a r t i n g  t h e  n e x t  d a y  a t  a b o u t  

0600 UT. The h o u r l y  Dst v a l u e s  f o r  d a y s  240 t h r o u g h  249 a r e  

shown i n  F i g u r e  I. T h e  s t o r m  w a s  p r e c e d e d  by  o t h e r  s t o r m s ,  t h e  

m o s t  i n t e n s e  o f  which w a s  on day  242, with a s u d d e n  commencement 

at 1 1 1 2  UT. The A i n d i c e s  i n c l u d e d  i n  F i g u r e  3 i n d i c a t e  t h a t  
P - 



< 

#- 

1 0 2 

- f 
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t h e  e n t i r e  p e r i o d  f r o m  d a y  2 4 2  t o  day  253 w a s  r e l a t i v e l y  

d i s t u r b e d .  

The e f f e c t  o f  t h i s  g e o m a g n e t i c  s t o r m  o n  t h e  e l e c t r o n  

p o p u l a t i o n  o f  t h e  i n n e r  z o n e  h a s  p r e v i o u s l y  b e e n  r e p o r t e d  by 

, P f i t z e r  & W i n c k l e r  ( 1 9 6 8 ) .  They o b s e r v e d  g r a d u a l  C n c r e a s e s  

i n  t h e  i n t e n s i t y  o f  e l e c t r o n s  of  e n e r g y  50<E<690 k e v  a t  L v a l u e s  

below 1.8 a f t e r  t h e  s t o r m .  They c o n c l u d e d  t h a t  t h e  a p p a r e n t  

. ' i n w a r d  d i f f u s i o n  of  t h e s e  e l e c t r o n s  w a s  r e s p o n s i b l e  f o r  

r e p l e n i s h m e n t  o f  t h e  i n n e r  r a d i a r i o n  b e l t ,  c r e a t i n g  a new a n d  

r e l a t i v e l y  s t a b l e  e l e c t r o n  p o p u l a t i o n .  They e s t i m a t e d  t h a t  o n e  

o r  two s t o r m s  o f  s u c h  i n t e n s i t y  p e r  y e a r  wou ld  b e  s u f f i c i e n t  

t o  s u p p l y  t h e  i n n e r  z o n e  e l e c t r o n s .  

The p r e s e n t  p a p e r  i s  a q u a n t i t a t i v e  s t u d y  o f  t h e ' s a m e  

e v e n t  u s i n g  e l e c t r o n  d a t a  f r o m  a n o t h e r  s a t e l l i t e .  

-4- 



3.  R a d i a l  D i f f u s i o n  E q u a t i o n  a n d  S o l u t i o n  

. For a d i f f u s i o n  p r o c e s s  w h i c h  v i o l a t e s  o n l y  t h e  t h i r d  

a d i a b a t i c  i n v a r i a n t ,  t h e  t i m e  d e p e n d e n t  r a d i a l  d i f f u s i o n  

e q u a t i o n  f o r  t h e  e l e c t r o n  d i s t r i b u t i o n  f u n c t i o n  f i s  

(Newkirk a n d  Wal t ,  1 9 6 8 )  

(1) Bf a 

The q u a n t i t y  f ( p , J , L , t )  dpdJdL i s  t h e  number o f  e l e c t r o n s  i n  

t h e  e l e m e n t  dpdJdL;  p a n d  J a r e  t h e  f i r s t  and  s e c o n d  a d i a b a t i c  

i n v a r i a n t s  o f  t h e  t r a p p e d  e l e c t r o n  m o t i o n  r e s p e c t i v e l y ,  and L 

.is t h e  M c I l w a i n  s p a t i a l  c o o r d i n a t e .  F o r  e q u a t o r i a l l y  t r a p p e d  

e l e c t r o n s  J = O  and  t he  f i r s t  i n v a r i a n t  p i s  o b t a i n e d  f r o m  t h e  

r e l a t i o n  

where T i s  t h e  e l e c t r o n  k i n e t i c  e n e r g y ,  B i s  t h e  e q u a t o r i a l  

f i e l d  v a l u e ,  a n d  m c i s  t h e  r e s t  m a s s  e n e r g y .  E q u a t i o n  1 i s  

s t r i c t l y  a p p l i c a b l e  only i n  a d i p o l e  f i e l d .  The d i s t r i b u t i o n  

f u n c t i o n  i s  o b t a i n e d  f r o m  t h e  m e a s u r e d  e q u a t o r i a l  u n i d i r e c t i o n a l  

0 

2 
. o  

d i f f e r e n t i a l  e l e c t r o n  i n t e n s i t y  jA by t h e  r e l a t i o n  ( F a r l e y  and  
L 

(2 1. 2 2 -1 3 L f = 2 1 ~ p  L j l  

-5- 



Use of t h e  p i t c h  a n g l e  d i f f u s i o n  loss t e r m  f T - l  i m p l i e s  

t h a t  t h e  p i t c h  a n g l e  d i s t r i b u t i o n  i s  a l w a y s  i n  i t s  l o w e s t  

e igenmode ,  c h a r a c t e r i z e d  b y  a n  e x p o n e n t i a l  d e c a y  l i f e t i m e .  

The  r e s u l t  o f  p e r f o r m i n g  t h e  i n d i c a t e d  d i f f e r e n t i a t i o n  o f  , 

the r a d i a l  d i f f u s i o n  t e r m  a n d  i n t e g r a t i n g  t h e  e q u a t i o n  w i t h  

r e s p e c t  t o  t i m e .  f r o m  t t o  t2 i s  1 

. 

3D t h a t  D ,  

~ 

If t h e  t i m e  i n t e r v a l s  a r e  c h o s e n  s u f f i c i e n t l y  s h o r t  

and T d o  not c h a n g e  b e t w e e n  t 

w r i t  t e n  

and  t2 ,  t h e  e q u a t + o n  1 may b e  

12g a t  a L  d t  + J’fdt 

. .  

This o p e r a t i o n  r e d u c e s  t h e  d i f f e r e n t i a l  e q u a t i o n  t o  an a l g e b r a i c  

and  T. a D  e q u a t i o n  i n  t h r e e  v a r i a b l e s  - D ,  i t s  d e r i v a t i v e  - aL’ 
It h a s  b e e n  assumed t h a t  t h e  r a d i a l  d i f f u s i o n  c o e f f i c i e n t  

v a r i e s  as L m n  1 ~ .  so  t h a t  - aD becomes  p r o p o r t i o n a l  t o  mL m-1 p n and  a L  

D may now b e  d e t e r m i n e d  by n u m e r i c a l  i n t e g r a t i o n s  for a t i m e  

i n t e r v a l  tl t o  t 

d e r i v a t i v e  w i t h  r e s p e c t  t o  t i m e ,  a n d  i t s  f i r s t  and  s e c o n d  

derivatives w i t h  r e s p e c t  t o  L a r e  known. 

i n  w h i c h  t h e  d i s t r i b u t i o n  f u n c t i o n  f, i t s  2 . .  

- 

-6- . .  



4 .  Data - 
The  e l e c t r o n  d a t a  u s e d  i n  t h i s  s t u d y  were o b t a i n e d  by a 

m a g n e t i c  s p e c t r o m G t e r  o n  t h e  OV3-3 (1966-70A) s a t e l l i t e ,  

l a u n c h e d  on  Augus t  4, 1 9 6 6 .  The  s a t e l l i t e  p e r i g e e ,  a p o g e e ,  

i n c l i n a t i o n ,  and p e r i o d  w e r e  362 km, 4488 km, 81.6', *and 1 3 7  min 

r e s p e c t i v e l y . '  The m a g n e t i c  s p e c t r o m e t e r  m e a s u r e d  t h e  u n i -  

d i r e c t i o n a l  e l e c t r o n  i n t e n s i t y  i n  n i n e  d i f f e r e n t i a l  e n e r g y  

c h a n n e l s  w i t h  c e n t e r  e n e r g i e s  b e t w e e n  300 and  2310 k e v .  A 

d e t a i l e d  d e s c r i p t i o n  of  t h i s  i n s t r u m e n t  h a s  b e e n  p r e s e n t e d  

p r e v i o u s l y  (Vampola,  1 9 6 9 ) .  

The  e i g h t  weeks  of  d a t a  u s e d  i n  t h i s  p a p e r  h a v e  b e e n  

s e l e c t e d  f r o m  a 14 month s t u d y  wh ich  i n c l u d e s  abo 'u t  750  p a s s e s  

t h r o u g h  t h e  i n n e r  z o n e .  D u r i n g  t h i s  l o n g e r  p e r i o d ,  t h e  d a t a  

were s y s t e m a t i c a l l y  r e d u c e d  by a v e r a g i n g  t h e  u n i d i r e c t i o n a l  

i n t e n s i t y  i n  e a c h  e n e r g y  c h a n n e l  a t  l o c a l  p i t c h  a n g l e s  o f  90  

( 3 )  o v e r  i n t e r v a l s  o f  .OP i n  L and  0 . 1  i n  B / B o ,  w h e r e  B is 

the l o c a ' l  f i e l d  v a l u e  and  B i s  t h e  e q u a t o r i a l  f i e l d  v a l u e  a t  

t h a t  L. 

of jA* v e r s u s  B/B 

for ea'ch e n e r g y  a t  e a c h  L v a l u e .  W i t h i n  t h e  e n e r g y  r a n g e  of 

t h i s  e x p e r i m e n t , .  t h e  e n e r g y  s p e c t r u m  w a s  f o u n d  t o  b e  i n d e p e n d e n t  

0 

0 

T h e s e  a v e r a g e s  w e r e  u s e d  t o  c o n s t r u c t  d i s t r i b u t i o n s  

( e q u i v a l e n t  t o  p i t c h  a n g l e  d i s t r i b u t i o n s )  
0 

of p i t c h  a n g l e .  . . .  

D u r i n g  t h e  e i g h t  week p e r i o d  i n c l u d i n g  t h e  l a r g e  m a g n e t i c  

s t o r m  o f  S e p t e m b e r ,  1 9 6 6 ,  o n e  o r  two c o m p l e t e  o r b i t s  o f  t a p e -  

r e c o r d e d  d a t a  w e r e  r e c e i v e d  f r o m  t h e  s a t e l l i t e  e a c h  day e x c e p t  

-7- 



on weekends .  The  a n a l y s i s  o f  t h e  p r e s e n t  p a p e r  r e q u i r e s  as  

i n p u t  d a t a  t h e  u n i d i r e c t i o n a l '  d i f f e r e n t t a l  i n t e n s i t y  o f  

0 e l e c t r o n s  a t  a n  e q u a t o r i a l  p i t c h  a n g l e  o f  9 0  . B e c a u s e  t h e  

OV3-3 s a t e l l i t e  d o e s  n o t  r e a c h  t h e  g e o m a g n e t i c  e q u a t o r  a t  L 

. v a l u e s  a b o v e  2 .0 ,  and  b e c a u s e  i t  i s  d e s i r a b l e  t o  t a k e  a d v a n t a g e  

of t h e  l a r g e  number o f  a v a i l a b l e  o f f - e q u a t o r i a l  m e a s u r e m e n t s  t o  

o b t a i n . s u p e r i o r  t i m e  r e s o l u t i o n ,  t h e  i n t e n s i t y  a t  a n  e q u a t o r i a l  

p i t c h  a n g l e  of  90' h a s  b e e n  e s t i m a t e d ' f r o m  t h e  d a t a ' t a k e n  a t  

sma l l e r  e q u a t o r i a l  p i t c h  a n g l e s  i n  t h e  f o l l o w i n g  way. 

For t h e  i n t e r v a l  1 . 7 < L < 2 . 0 ,  - -  j L ( B / B o = l )  h a s  b e e n  e s t i m a t e d  

from e a c h  measu remen t  o f  j , (B/Bo)  on  t h e s e  L s h e l l s  f r o m  a 

c o n s i d e r a t i o n  o f  t h e  n o r m a l  p i t c h  a n g l e  d i s t r i b u t i o n s  o b s e r v e d .  

d u r i n g  t h e  14 month p e r i o d .  F o r  t h e  i n t e r v a l  2 .1<L<2.8 ,  - -  i n  

wh ich  t h e .  OV3-3 s a t e l l i t e  n e v e r  r e a c h e s  t h e  g e o m a g n e t i c  e q u a t o r ,  

b o t h  t he  O V 3 - 3  d a t a  a n d  t h a t  o f  o t h e r  e x p e r i m e n t s  a t  and  n e a r  

t h e  e q u a t o r  h a v e  b e e n  c o n s i d e r e d ,  and i t  h a s  b e e n  d e t e r m i n e d  

t h a t  a r e a s o n a b l e  es t imate  of  jl (B/B '1) may b e  made by 

m u l t i p l y i n g .  j , ( B / B o )  by B / B o .  T h a t  i s ,  t h e  n o r m a l  d i s t r i b u t i o n  

o f  j L . ( B / B o )  h a s  b e e n  t a k e n  t o  b e  i n v e r s l y  p r o p o r t i o n a l  t o  B / B o .  

.DpSa . t - ake r i  a t  v a l u e s  ' o f  B g r e a t e r  t h a n  0.2 - g a u s s  w e r e  n o t  u s e d .  

0 

. . _  

T h e r e f o r e ,  f o r  L v a l u e s  - <2.0 ,B/Bo w a s  as l a r g e  as  5 . 3 ,  and  

for 2.1<L<2.8 - -  was a s  l a r g e  a s  1 4 . 1 .  

The  e q u a t o r i a l  e s t ima tes  o f  jL w e r e  u s e d  t o  c o ' n s t r u c t  . 
3 2 t h e  r e q u i r e d  f u n c t i o n  L j;l. 

f u n c t i o n  was c o n s t r u c t e d  f o r  p v a l u e s  o f  13.3,  1 7 . 3 ,  

22.0 and 27.4 Me\*- g a u s s  . V a l u e s  f o r  t h i s  f u n c t i o n  r e q u i r e  

(%L f )  a t  c o n s t a n t  P. T h i s  

-1 
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. .  
jA .  i t  a d i f f e r e n t  e n e r g y  f o r  e a c h ' L .  

by l o g a r i t h m i c  i n t e r p o l a t i o n  f r o m  t h e  n i n e - p o i n t  d i f f e r e n t i a l  

The v a l u e s  w e r e  o b t a i n e d  

e n e r g y  s p e c t r u m  d e t e r m i n e d  f rom t h e  m e a s u r e m e n t s  a t  e a c h  L .  

3 F i g u r e  2 d i s p l a y s  two e x a m p l e s  o f  L j, a t  c o n s t a n t  p 

p l o t t e d  a g a i n s t  L a t  a p a r t i c u l a r  t i m e ,  a n d  F i g u r e  3 d i s p l a y s  

t w o  e x a m p l e s  of  L jL a t  c o n s t a n t  p p l o t t e d  v e r s u s  t i m e  a t  a 

p a r t i c u l a r  v a l u e  o f  L .  F i g u r e  3 i l l u s t r a t e s  a n  i m p o r t a n t  

c h a r a c t e r i s t i c  o f  t h e  d a t a  a t  all L a n d  p v a l u e s : . n o t h i n g  

d r a m a t i c  o c c u r s  i n  c o n n e c t i o n  w i t h  t h e  s u d d e n  commencement o r  

3 
. 

a 

w i t h  t h e  s t a r t  o f  t h e  ma in  p h a s e  d e c r e a s e .  A t  t h e  l o w e r  v a l u e s  

of L (LS2.2) t h e  i n t e n s i t y  i s  s l o w l y  i n c r e a , s i n g  o r  d e c r e a s i n g ,  

d e p e n d i n g  on  t h e  f i r s t  i n v a r i a n t  v a l u e .  Above L o f  2 . 2  t he  

i n t e n s i t y  i s  i n e r e a s i n k  a t  a l l  f i r s t  i n v a r i a n t  v a l u e s ,  p o s s i b l y  

b e c a u s e  of  t h e  e f f e c t s  o f  t h e  e a r l i e r  s t o r m  o n  d a y  242.  A t  a l l  

v a l u e s  o f  t a b o v e  1.7 a l a r g e  i n c r e a s e  i n  i n t e n s i t y  t a k e s  

p l a c e  i n  t h e  p e r i o d  o f  no  d a t a  e x t e n d i n g  f r o m  day  2 4 6 . 8  t o  

d a y  2 4 9 . 6 .  The i n c r e a s e s  a r e  p r o g r e s s i v e l y  l a r g e r  a t  l a r g e r  L .  

F i g u r e s  g i v e n  by Vampola,  1 9 7 1  i l l u s t r a t e  t h e s e  c h a n g e s  

' q u a l i t a t i v e l y  i n  more d e t a i l  t h a n  i s  g i v e n  h e r e .  

In a d d i t i o n  t o  t h e  f u n c t i o n s  i l l u s t r a t e d  i n  F i g u r e s  2 a n d  3,  
3 t he  f i r s t  a n d  s e c o n d  d e r i v a t i v e s  o f  L jL w i t h  r e s p e c t  t o  L a r e  

r e q u i r e d  f o r  a l l  t i m e s .  T h e s e  d e r i v a t i v e s  w e r e  o b t a i n e d  by  

f i t t i n g  t h e  d a t a  o f  F i g u r e  2, ' d i f f e r e n t i a t i n g  n u m e r i c a l l y  

t w i ' c e ,  and  p l o t t i n g  a n d  s m o o t h i n g  t h e  r e s u l t  as a f u n c t i o n  o f  

t i m e .  T h e s e  f u n c t i o n s  a l s o  c h a n g e  s i g n i f i c a n t l y  d u r i n g  t h e  

p e r i o d  o f  no  d a t a .  The r e s u l t i n g  body o f  d a t a  w a s  u s e d  as t h e  

i n p u t  to e q u a t i o n  3 .  
-9- 
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The r * e p o r t e d  e l e c t r o n  p i t c h  a n g l e  l i f e t i m e  i n  t h i s  r e g i o n  

’ i s  a s t r o n g  f u n c t i o n  o f  L .  T h i s  b e h a v i o r  h a s  b e e n  g i v e n  

t h e o r e t i c a l  j u s t i f i c a t i o n  by Lyons -- e t  a l .  (1971), who h a v e  

p r e d i c t e d  p i t c h  a n g l e  l i f e t i m e s  r e s u l t i n g  f r o m  w a v e - p a r t i c l e  

i n t e r a c t i o n s  i n  t h i s  L i n t e r v a l .  A number o f  t h e  r e g . o r t e d  

v a l u e s  o f  t h e  p i t c h  a n g l e  l i f e t i m e  i n  t h e  L r a n g e  o f  i n t e r e s t  

are shown i n  F i g u r e  4 .  I n  g e n e r a l ,  t h e s e  e s t i m a t e s  ha’ve 

c o n s i d e r a b l e  u n c e r t a i n t y  b e c a u s e  o f  t h e  d i f f i c u l t y  i n  s e p a r a t i n g  

t h e  e f f e c t  of  p i r tch  a n g l e  d i f f u s i o n  loss f r o m  o t h e r  s o u r c e ,  loss, 

a n d  t r a n s p o r t  mechanisms which  may b e  s i m u l t a n e o u s l y  a f f e c t i n g  

t h e  e l e c t r o n  d i s t r i b u t i o n .  S i n c e  any  e r r o r  i n  t h e ’ c h o i c e  o f  ‘I: 

w i l l  a f f e c t  t h e  c a l c u l a t e d  v a l u e s  o f  D i n  t h i s  p a p e r ,  t h e  

e f f e c t  b f  u n c e r t a i n t y  i n  T h a s  b e e n  e x p l i c i t l y  c a r r i e d  t h r o u g h  

t h e  c a l c u l a t i o n .  The v a l u e s  o f  T u s e d  i n  t h i s  p a p e r  a r e  

i n d i c a t e d  by  t h e  c u r v e  i n  F i g u r e  4 .  C a l c u l a t i o n s  o f  D h a v e  

also b e e n  made i n  e v e r y  c a s e  w i t h  a v a l u e  of  1: l a r g e r  by .a 

f a c t o r  of 1 . 5  and  s m a l l e r  by a f a c t o r  o f  1 .5 .  ‘ E a c h  v a l u e  o f  

D h a s  b e e n  a s s i g n e d  a s y s t e m a t i c  e r r o r  b a r  e x t e n d i n g  b e t w e e n  

t h e  v a l u e s  o f  D r e s u l t i n g  f r o m  t h e  assumed e x t r e m e s  of  T. 

The t h e o r e t i c a l  v a l u e s  o f  Lyons -- e t  a l .  (1971)  a r e  more n e a r l y  

10 d a y s  t h a n  t h e  v a l u e  o f  15 u s e d  above  L o f  2 . 1 .  I f  t h e i r  

v a l u e s  a r e  c o r r e c t ,  t h e n  t h e  b e s t  v a l u e s  o f  I) w i l l  b e  r e p r e s e n t e d  

by the e n d  o f  t h e  e r r o r  b a r s  c o r r e s p o n d i n g  t o  a s h o r t e r  c h o i c e  

of i. 



Brown (1966) 

\ 

Figure 4. Electron Pitch-Angle Diffusion Lifetimes 
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For this study the eight-week time period was subdivided 

i n t o  tea time intervals of five or six days each. Five time 

periods (days 2 2 0 - 2 2 5 ,  2 2 5 - 2 3 0 ,  2 3 0 - 2 3 5 ,  2 3 5 - 2 4 0  and 2 4 0 - 2 4 5 )  

precede the geomagnetic storm. No data is available from 

. 2 4 6 . 8  to 2 4 9 . 6 ,  a period which includes some of the main phase 

and much of the recovery phase of the storm. .Five others 

( 2 5 0 - 2 5 5 ,  2 5 5 - 2 6 0 ,  2 6 0 - 2 6 5 ,  2 6 5 - 2 7 0  and 2 7 0 - 2 7 5 )  follow the 

storm. With ten time periods, ten L values and four values 
. .  

of the first invariant there are 400 possible computations of 

the diffusion coefficient from equation -3 .  Missing or broken 
i 

data,  due in part to the limited differential energy range of 

the  instrument, confined the actual determinations to 157 

calculated values. 

The.important increase which took place within the period 

of day 2 4 6 . 8  to day 2 4 9 . 6  cannot be studied because there is 

no data  for the period. 

8 storm with a D value of - 1 8 2 y  may be expected to add 

electrons (.by a mechanism not yet known) to L shells as low as 

According to Williams et &. (1968) 

st 

3 . 0 . -  Whether this storm added new electrons to L shells lower 

than Suggested by the D value, or whether enhanced radial st 
diffusion is responsible,canhot be established in this case. 

5 .  Results 

The solution-of equation 3 requires that the value of m 

be known. The first calculations of the radial diffusion 

Coefficient were done with the assumption that m is 10, but 



t h e  r e s u l t i n g  v a l u e s  o f  D showed a s e v e n t h  power v a r i a t i o n ,  a 

r e s u l t  i n c o n s i s t e n t  w i t h  t h e  a s s u m p t i o n .  S y s t e m a t i c  r e d u c t i o n  

of m p r o d u c e d  i n c r e a s i n g  v a l u e s  o f  t h e  r e s u l t i n g  power l a w  

c o e f f i c i e n t  u n t i l  a g r e e m e n t  was r e a c h e d  a t  m of  7 . 9 ,  t h u s  

d e t e , r m i n i n g  t h e  p r o p e r  v a l u e  o f  m t o  b e  u s e d  i n  t h e  c a l c u l a t i o n s  

of D. 

R e p r e s e n t a t i v e  r e s u l t s  f o r  t h e  r a d i a l  d i f f u s i o n  c o e f f i c i e n t  

D as a f u n c t i o n  o f  t i m e  a r e  shown i n  F i g u r e  5 .  T h i s  p a r t i c u l a r  

example  shows a n  i m p o r t a n t  c h a r ' a c t e r i s t i c  of t h e  r e s u l t s  w h i c h  

a p p e a r  a t  a l l  f o u r  v a l u e s  o f  t h e  f i r s t  i n v a r i a n t  a n d  a t  a l l  L 

values w i t h i n  t h e  r a n g e  o f  t h e  i n v e s t i g a t i o n :  

c o e f f i c i e n t s  f o r  p o s t - s t o r m  p e r i o d s  do n o t  d i f f e r  s i g n i f i c a n t l y  

t h e  d i f f u s i o n  
.. 

f r o m  t h o s e  f o r  t h e  p r e - s t o r m  p e r i o d .  B e c a u s e  no s i g n i f i c a n t  

v a r i a t i o n s  w i t h  t i m e  a p p e a r  i n  t h e s e  c o e f f i c i e n t s ,  a l l  o f  t h e m  

have b e e n  a v e r a g e d  t o g e t h e r  a t  e a c h  L v a l u e .  T h e s e  a v e r a g e d  

' v a l u e s  a r e  shown i n  F i g u r e  6 .  The ends o f  t h e  e r r o r  b a r s  

r e p r e s e n t i n g  p o s s i b l e  s y s t e m a t i c  e r r o r s  d u e  t o  t h e  c h o i c e  o f  

p i t c h  a n g l e  l i f e t i m e  h a v e  also b e e n  a v e r a g e d  and  i n c l u d e d  i n  

F i g u r e  6 .  As a r o u g h  a v e r a g e ,  t h e  e r r o r  b a r s  e x t e n d  25% a b o v e  

and b e l o w  t h e  v a l u e s  c o r r e s p o n d i n g  t o  t h e  s e l e c t e d  p i t c h  a n g l e  

l i f e t i m e s ,  a n d  t h e r e b y  i n d i c a t e  t h e  s e n s i t i v i t y  o f  t h e  r e s u l t s  * 

to t he  c h o i c e  of  T. 

A t e n d e n c y  t o w a r d  s m a l l e r  c o e f f i c i e n t s  at h i g h e r  v a l u e s  o f  

t h e  f i r s t  . i n v a r i a n t  i s  a p p a r e n t .  I f  t h e  d i f f u s i o n  c o e f f i c i e n t  
m n  

is assumed.  to .be of  t h e  f o r m  D = a L p , t h e n  a t w o  d i m e n s i o n a l  

l e a s t  s q u z r k s  . .  f i ' t  t o  t h e  l o g a r i t h m s  of  D g i v e s  t h e  r e s u l t  
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Figure 5 .  Representative Values of the Required Radial Diffusion 
Coefficient at Fixed L and First Invariant 
Systematic error bars represent the resulting range in 
I) when the pitch angle lifetime is varied a factor of 
1.5 above and below the values used for the points, 
which are given in Fig. 4. 



1.5 1.6 1.7 1.8 ~ 1.9 2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 

L 

Figure 6. Radial Diffusion Coefficients Calculated from Eq. (3) 
Averaged Over All Time Periods at Each L 
The calculations correspond to increments of 0.1 in 
L. 
for clarity. 

Slight L displacements have been used in the plot 
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D =. 2 . 7  x 10 - 5  L7.9 1.1 - 0 . 5  day-' ( 4 )  

The s t a n d a r d  d e v i a t i o n  of t h e s e  d a t a  f r o m  t h e  power law f i t  is 

26 p e r c e n t .  

D i s c u s s  i o n  

1. Mechanism of I n n e r  Zone E l e c t r o n  R e p o p u l a t i o n  ' 
a .  

The Sep tember  1 9 6 6  e l e c t r o n  r e d i s t r i b u t i o n  w h i c h  h a s  b e e n  

q u a n t i t a t i v e l y  a n a l y z e d  i n  t h i s  p a p e r  w a s  r e p o r t e d  by P f i t z e r  

- a n d  W i n c k l e r  11968)  t o  b e  t h e  f i r s t  i n t r u s i o n  o f  n a t u r a l  

e l e c t r o n s  d e e p  i n t o  t h e  i n n e r  z o n e  a f t e r  t h e  S t a r f i s h  n u c l e a r  

i n j e c t i o n  of 1962. r e p o r t  i n t e r p r e t e d  t h i s  ' e v e n t  as a n  T h e i r  

example of i n w a r d  r a d i a l  d i f f u s i o n .  F a r l e y  ( 1 9 6 9 )  s t u d i e d  t h e  

r o l e  of r a d i a l  d i f f u s i o n  i n  t h e  d i s a p p e a r a n c e  t h e  g r a d u a l  of 

Starfish e l e c t r o n s  and  n o t e d  t h a t  S e p t e m b e r ,  1 9 6 6  t h e  d e c a y  

had p r o c e e d e d  s o  f a r  t h a t  t h e  a v e r a g e  r a d i a l  g r a d i e n t  of t h e  

2 a d j u s t e d  d e n s i t y  (L f )  b e t w e e n  t h e  i n n e r  a n d  outer z o n e  w a s  

p o s i t i v e ,  and  t h e r e f o r e  e l e c t r o n s  m i g h t  b e  e x p e c t e d  t o  d i f f u s e  

i n w a r d  from t h e  outer z o n e  w i t h  a r a d i a l  e l e c t r o n  c u r r e n t  

given by 

The inner a n d  o u t e r  e l e c t r o n  zobes  a re  s e p a r a t e d  b y  the slot 

region ( a p p r o x i m a t e l y  i n  w h i c h  e l e c t r o n  p i t c h '  a n g l e  

1 i f e  t i m e  s a r e  less t h a n  t h e  a v e r a g e  i n  t e r v a  I b e t w e e n  m a  j o r  

m a g n e t i c  storms. The s l o t  r e g i o n  i s  c o n s e q u e n t l y  of 

e n e r g e t i c  e l e c t r o n s  d u r i n g  q u i e t  p e r i o d s ,  a n d  e l e c t r o n s  



d i f f u s i n g  i n w a r d , f r o m  t h e  o u t e r  z o n e  a r e  norma ' l l y  l o s t  by  p i t c h  

a n g l e  d i f f u s i o n  i n  t h e  s l o t .  

. I n  m a j o r  m a g n e t i c  s t o r m s ,  s u c h  as  t h e  o n e  of S e p t e m b e r  1 9 6 6 ,  

i m p o r t a n t  a d d i t i o n s  a r e  made t o  t h e  o u t e r  z o n e . e l e c t r o n  p o p u l a t i o n  

by as y e t  unknown mechan i sms .  I t  i s  p o s s i b l e  t h a t  some d i r e c t  

a d d i t i o n s  a r e  made t o  L v a l u e s  w i t h i n  t h e  i n n e r  z o n e ,  a l t h o u g h  

t h e  r e s u l t s  o f  W i l l i a m s  -- e t  a l .  (1968)  i n d i c a t e  t h a t  t h i s  p r o b a b l y  

does n o t  h a p p e n  i n  a s t o r m  o f  t h e  i n t e n s i t y  o f  t h e  o n e  of  

Sep tember  2 ,  1 9 6 6 .  The r a d i a l  g r a d i e n t  o f  L f ,  a n d  c o n s e q u e n t l y  2 

t h e  i n w a r d  r a d i a l  e l e c t r o n  c u r r e n t ,  i s  much e n h a n c e d .  E l e c t r o n s  

d i f f u s e  i n t o  and  f i l l  t h e  s l o t  r e g i o n ,  s p i l l i n g  o v e r  i n t o  t h e  

i n n e r  z o n e  w h e r e  e l e c t r o n  l i f e t i m e s  a r e  v e r y  l o n g  (Q o n e  y e a r ) .  

W i t h i n  s e v e r a l  weeks  p i t c h  a n g l e  d i f f u s i o n  r emoves  t h e  e l e c t r o n s  

i n  t h e  s l o t ,  l e a v i n g  t h e  i n n e r  z o n e  e l e c t r o n s  i n  o r b i t s  o f  l o n g  

l i f e t i m e .  T h e s e  i n n e r  z o n e  e l e c t r o n s  a r e  s l o w l y  l o s t  by  i n w a r d  

d i f f u s i o n  t o w a r d  t h e  e a r t h ,  o u t w a r d  d i f f u s i o n  i n t o  t h e  s l o t ,  

and  by  c o l l i s i o n s  w i t h  a t m o s p h e r i c  c o n s t i t u e n t s .  F a r l e y  (1969)  

e s t i m a t e d  f r o m  r o u g h  a r g u m e n t s  t h a t  a d i f f u s i o n  c o e f f i c i e n t  

of 8 ~ 1 0 - ~  day-' wou ld  b e  r e q u i r e d  t o  c a u s e  t h e  d i f f u s i o n  

o b s e r v e d  a f t e r  t h e  S e p t e m b e r  1 9 6 6  s t o r m ,  a n d  t h i s  e s t i m a t e  

is b o r n e  o u t  by  t h e  q u a n t i t a t i v e  r e s u l t s  o f  t h i s  p a p e r .  

A l t h o u g h  i t  i s  p o s s i b l e  t h a t  t h e  d i f f u s i o n  c o e f f i c i e n t  

may h a v e  b e e n  t e m p o r a r i l y  e l e v a t e d  d u r i n g  t h e  ma in  p h a s e  o f  

t h e  s t o r m ,  t h e  o b s e r v e d  r e d i s t r i b u t i o n  t o o k  s e v e r a l  weeks ,  a n d  

t h e ' r e s u l t s  o f  t h i s  work  i n d i c a t e  t h a t  t h e  d i f f u s i o n  c o e f f i c i e n t  

d u r i n g  t h i s  p e r i o d  d o e s  n o t  d i f f e r  s i g n i f i c a n t l y  f rom i t s  p r e -  
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storm value. The redistribution continued because of the 
2 larger gradients in L f, and consequently larger diffusion 

currents, produced by the geomagnetic storm. 

2. The Role of Radial Diffusion in the Radiation Belts 

Attempts to account for the existence or time evolution 

of various particle distributions in the radiation belt by 

including a radial diffusion mechanism are now rather numerous. 

Figure 7 includes most of the diffusion coefficients which 

have resulted when a diffusion term equivalent to that in 

equation 3 has been employed. Two other-values discussed 

previously by one of us (Farley, 1968) have been omitted. 

Even when due allowance is made for the uncertainties which 

enter because of the wide variety of approximations in data and 

.techniques which have been employed by various authors, it is 

apparent that these results, plotted in this way, do not lend 

much support to the existence of the radial diffusion mechanism. 

However, an appropriate review of the underlying theory suggests 

that a different method of comparison among these values will 

b e  more revealing. 

Radial diffusion may be driven either by magnetic field - 
variations, or by electric field variations. Fglthammar (1968) 

has assumed a magnetic disturbance field which contains only 

the zero and first order terms in a spherical harmonic expansion, 

and obtains the result that the magnetic diffusion coefficient 

. 

will have the value 



L 

Figure 7. Previously Reported R a d i a l  Diffusion Coefficients 

(1) Farley, e t  al., 1971, inner zone energetic protons; 
(2) DeForest, 1970, inner zone energetic protons; 
( 3 )  Newkirk and W a l t  -9 1968, a r t i f i c i a l  electrons; 
(4) Farley, 1969, Starf ish electrons; (5) Present 
results f r o m  natural electrons; (6) Newkirk - and Walt, 
1968, outer zone electrons; (7) N a k a d a  -- and Mead,=5, 
outer zone protons; (8) Sb'raas, -outer zone protons; 
( 9 )  Lanzerotti - e t  -*, a1 1970, outer zone electrons; 
(10) W a l t  -, 1971, a r t i f i c i a l  electrons. 
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w h e r e  P ( V )  i s  t h e  power s p e c t r u m  o f  t h e  d i s t u r b a n c e  a m p l i t u d e ,  

't is t h e  p a r t i c l e  d r i f t  p e r i o d  and  I' i s  a f u n c t i o n  w h i c h  i s  

unity f o r  e q u a t o r i a l l y  t r a p p e d  p a r t i c l e s  (a 0 = 90°) and  

decreases by  a b o u t  a n  o r d e r  of m a g n i t u d e  f o r  p a r t i c l e s  w i t h  

s m a l l  p i t c h  a n g l e s .  

d e c r e a s e s  as  t h e  s q u a r e  of. t h e  f r e q u e n c y ,  t h i s  r e s u l t  p r e d i c t s  

a d i f f u s i o n  c o e f f i c i e n t  p r o p o r t i o n a l  t o  t h e  t e n t h  power of L 

and i n d e p e n d e n t  o f  p a r t i c l e  d r i f t  p e r i o d .  A number of  t h e  

r e s u l t s  i n c l u d e d  i n  F i g u r e  7 h a v e  a p p r o x i m a t e l y  t h i s  L 

v a r i a t i o n ,  a l t h o u g h  t h e  p r o p o r t i o q a l i t y  c o n s t a n t  v a r i e s  f r o m  

d . .  

F 0 r . a  m a g n e t i c  power s p e c t r u m  w h i c h  

-10 -1 - 8  -1 s o m e t h i n g  l i k e  5x10  d a y  up  t o  1x10 d a y  . C l e a r l y ,  t h e  

r e s u l t s  of  t h e  p r e s e n t  p a p e r  d o  n o t  f a l l  i n t o  t h i s  g r o u p .  

F z l t h a m m a r  ( 1 9 6 5 ,  1 9 6 6 )  h a s  a l s o  computed  t h a t  v a r i a t i o n s  

of an e l e c t r i c  p o t e n t i a l  f i e l d  w i l l  p r o d u c e  d i f f u s i o n  w i t h  a 

c o e f f i c i e n t  g i v e n  by 

w h e r e  B (L) i s  t h e  e q u a t o r i a l  m a g n e t i c  d i p o l e  f i e l d  a n d  Pn i s  . 

t h e  power s p e c t r u m  o f  t h e  t i m e  v a r i a t i o n  of  t h e  n t h  s p a t i a l  

F o u r i e r  c o e f f i c i e n t  o f  t h e  e l e c t r i c  p o t e n t i a l  f i e l d  i n  t h e  

e q u a t o r i a l  . p l a n e .  T h i s  c o e f f i c i e n t  i s  i n d e p e n d e n t  o f  t h e  

p a r t i c l e  p i t c h  a n g l e .  

0 

* 

C o r n w a l l  (1968)  h a s  a p p l i e d  t h i s  r e s u l t  t o  t h e  e l e c t r o s t a t i c  

f i e - l d s  w h i c h  d r i v e  t h e  c u r t e n t s  t h a t  p r o d u c e  m a g n e t i c  b a y s .  

u s i n g  o n l y  the f i r s t  t e r m  i n  t h e  e x p a n s i o n  (which i s  t h e  a z i m u t h a l  

* 
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component of a uniform electric field across the magnetosphere), 

Cornwall obtains the result 

where T is the characteristic time of magnetic bays ( 2 0 0 0  

seconds) and E is assumed to be 1 to 10 kilovolts across 

several earth radii. The equation is to be evaluated in cgs 

units. 

- 

A certain amount of recent experimental evidence now 

indicates that there are large-scale eleEtric fields within the. 

plasmapause, although the observations are not sufficiently 

extensive to permit the electric field to be decomposed into 

the amplitude and time variation of each spatial Fourier 

component which is required for a formal evaluation of 

equation 5 .  

. -  

In particular, Mozer (1971) has made balloon measurements 

which indicate a high-altitude electric field of 0 . 6  mv per 

meter. These measurements are difficult to make, and it is 

uncertain to what extent local ionospheric fields may be , .  

iaclud'ed in these measurements. . .  
The observations of Carpenter (1971) of thee radial motion 

. of whistler ducts appear to.be more directly applicable in the 

evaluation of the radial diffusion coefficient due to electric 

/-field variation, since these measurements can be accounted for 

o n l y  by magnetospheric electric fields within the plasmapause. 

Carpenter's observations of the duct motion, which hav'e been 

- *  
/ 
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. .  

chiefly on the nightside of the earth, reveal the azimuthal 

component of this electric field. The observations indicate 

that this field e)rtends to an L at least as low as 2 . 7 .  NO 

data is available at smaller L values. The fields are substorm 

associated, and are sometimes directed eastward and sometimes 

westward. The amplitude, at least during substorm periods, may 

vary from 0.2 to 0 . 6  mv per meter. While frequency spectrums 

5 

of the  spatial Fourier components have not been obtained, the 

observations indicate substantial fluctuations of these fields 

with periods of the order of a half hour. 

In order to compare the diffusion coefficient of this 

paper (equation 4 )  with the one to be expected from electric 

field variations, the drift.period has been computed for the 

particles represented by each data point in Figure 6 from the 

relation 

This relation must be evaluated in cgs units. A best fit'of 

these data to equation 6 has been made, allowing the electric 

field-amplitude E and period T to vary simultaneously. Th,e 

'best fit is found for E = 0.28 mv per meter and T = 1600 

seconds, s o  that 
- 5  L6 DE = 6.82~10 



.. 

The s t a n d a r d  d e v i a t i o n  o f  o u r  d a t a  f r o m  e q u a t i o n  7 i s  
. .  

32 p e r c e n t ,  a l m o s t  as good a s  t h e  power l a w  f i t  i n  L a n d  1.1. 

This i s  n o t  t o  s a y  t h a t  t h e  d a t a  p o i n t s  w h i c h  c o n s t i t u t e  t h e  

r e s u l t s  o f  t h i s  p a p e r  w i l l  f i t  a f u n c t i o n  v e r y  d i f f e r e n t  f r o m  

the power l a w  f i t  o f  e q u a t i o n  4 .  R a t h e r ,  t h e  reasona.bly good 

f i t  o c c u r s  b e c a u s e  e q u a t i o n  6 i s  a p p r o x i m a t e l y  a power l a w  

when t r a n s f o r m e d  t o  t h e  v a r i a b l e s  L a n d  p o v e r  t h e  l i m i t e d  

r a n g e  o f  t h e s e  v a r i a b l e s  i n  t h i s  s t u d y .  

The d i f f u s i o n  c o e f f i c i e n t s  c a l c u l a t e d  i n  t h i s  p a p e r  

thus a p p e a r  t o  f i t  t h e  p r e d i c t i o n s  o f  a s i m p l i f i e d  e l e c t r i c  

f i e l d  v a r i a t i o n  t h e o r y  w i t h  v a l u e s  o f  t h e  e l e c t r i c  f i e l d  E a n d  
1 

c h a r a c t e r i s t i c  p e r i o d  T w h i c h  a r e  c o n s i s t e n t  w i t h  t h e  l i m i t e d .  

a v a i l a b l e  e x p e r i m e n t a l  e v i d e n c e .  I n  a recent  p a p e r ,  C o r n w a l l  

(1971)  f o u n d  t h a t  e q u a t i o n  7 w i t h  t h e  n u m e r i c a l .  f a c t o r  i n  t h e  

r a n g e  3 x 1 0  t o  1 x g a v e  a r a d i a l  d i f f u s i o n  c o e f f i c i e n t  -5  

w h i c h  e n a b l e d  h im t o  p r e d i c t  a l p h a  t o  p r o t o n  r a t i o n s  w i t h i n  t h e  

m a g n e t o s p h e r e  i n  r e a s o n a b l e  a g r e e m e n t  w i t h  m e a s u r e m e n t s .  The  

v e r y  c l o s e  a g r e e m e n t  b e t w e e n  h i s  v a l u e  a n d  e q u a t i o n . 7  s u p p o r t s  

t h e  v a l i d i t y  o f  d i f f u s i o n  d r i v e n  b y  e l e c t r i c  f i e l d  v a r i a t i o n s . '  

W h i l e - m o r e  d e t a i l e d  e l e c t r i c  f i e l d  i n f o r m a t i o n  i s  d e s i r a b l e  

so t h a t  t h e  more s o p h i s t i c a t e d  t h e o r y  may b e  employed ,  t h e  

a g r e e m e n t  a l r e a d y  o b t a i n e d  p e r m i t s  t h e  c o n c l u s i o n  t h a t  e l e c t r i c  . .  

f i e l d  v a r i a t i o n s  a re  p r o b a b l y  r e s p o n s i b l e  f o r  m o s t  o f  t h e  

o b s e r v e d  d i f f u s i o n  a n d  s u b s e q u e n t  r e p o p u l a t f o n  o f  t h e  i n n e r  

r a d i a t i o n  z o n e  by  e l e c t r o n s .  
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It has b e e n  n o t e d  by R o e d e r e r  S c h u l z  (1971)  t h a t  r a d i a l  

d i f f u s i o n  c o u p l e d  t o  p i t c h  a n g l e  d i f f u s i o n  c a n  b e  p r o d u c e d  by  

t h e  s h e l l  s p l i t t i f i g  c a u s e d  by a s t a t i c  e l e c t r i c  f i e l d .  The 

d i f f u s i o n  c o e f f i c i e n t  f o r  t h i s  p r o c e s s  h a s  b e e n  computed  at 

L of 2 f o r  1 Mev e l e c t r o n s  a n d  a .28 mv p e r  mete'r e l e c t r i c  

f i e l d ,  u s i n g  t h e i r  t h e o r e t i c a l  r e s u l t .  The c o e f f i c i e n t  t h u s  

c a l c u l a t e d  is s e v e r a l  o r d e r s  of  m a g n i t u d e  s m a l l e r  t h a n  t h e  o n e  

o b t a i n e d  i n  this work ,  i n d i c a t i n g  t h a t  d i f f u s i o n  by e l e c t r i c  

f i e l d  v a r i a t i o n s  i s  t h e  more  i m p o r t a n t  p r o c e p s  i n  t h i s  e v e n t .  

It i s  now a p p a r e n t  why c o m p a r i s o n s  among c a l c u l a t e d  

c o e f f i c i e n t s  l i k e  t h a t  of F i g u r e  7 a r e  n o t  a p p r o p h i a t e .  The 

t h e o r i e s  f o r  b o t h  D a n d  DE p r e d i c t  t h a t  t h e s e  c o e f f i c i e n t s  M 
w i l l  b e  f u n c t i o n s  of  L and T ' ~ ,  a n d  t h e r e f o r e  p a r t i c l e s  at 

t h e  s a m e  L w i l l  n o t  e x p e r i e n c e  t h e  same d i f f u s i o n  u n l e s s  t h e y  

h a v e  t h e  same d r i f t  p e r i o d .  Only  i n  t h e  v e r y  s p e c i a l  case  of 

d i f f u s i o n  d r i v e n  by  m a g n e t i c  f i e l d  v a r i a t i o n s  w i t h  a power 

. 

- 2  
s p e c t r u m  f a l l i n g  as  v will t h e  c o e f f i c i e n t  b e  i n d e p e n d e n t  

of d r i f t  p e r i o d .  

.A more , g e n e r a l  a p p r o a c h  t o  c o m p a r i s o n  of r e p o r t e d  r e s u l t s  
. .  

is  t o  -compute t h e  r a t i o  of t h e  e x p e r i m e n t a l  v a l u e s  t o  t h e  

t h e o r e t i c a l '  p r e d i c t i o n s  w i t h  s u i t a b l e  ( i . e . ,  e x p e r i m e n t a l )  

v a l u e s  o f  t h e  a m p l i t u d e s  o f  t h e  f i e l d  v a r i a t i o n s .  I n  g e n e r a l ,  

d i f f u s i o n  may b e  d r i v e n  by b o t h  e l e c t r i c  and  m a g n e t i c  v a r i a t i o n s  

SO t h a t  

DT = DE f DM ( 8 )  
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For these comparisons it has been assumed that D E  is given by 

equation 7 ,  and that the magnetic coefficient.has the value 

. .  
DM = 1x10 -8  L1o day-' 

. .  

This choice for DM, which implies a power spectrum 
- 2  falling as v , is largely based on the findings of Farley 

-9 Walt (1971), which are applicable to high energy inner zone 

protons. The calculations of Nakada -- and Mead (1965) of the 

diffusion coefficient due to magnetic impulses and sudden 

commencements resulted in a --lo Llo -1 value 1.55~10 day s a 

result too small to account for the observed diffusion of any 

population of trapped particles. Evidently other time- 

varying magnetic phenomena must contribute if magnetic 

diffusion is important. 

t h e  pitch angle dependence of the magnetic diffusion coefficient, 

and depends upon the range of pitch angles included in the 

flux measurements. F o r  equarorially trapped particles 

P i ;  for an outer zone (isotropic) pitch angle distribution 

measured with an omnidirectional detector, I ' -0 .48;  for a typical 

inner-zone pitch angle distribution measured with an omni- 

directional detector, r=O.71. 

- 
I' is the suitably averaged value of 

\ - 
- 

- 

The ratio of the experimental values to DT has been plotted 

in Figure 8 .  Labels E and M have been placed on the curves 

t o  indicate whether DE or Dki is the principal contributor to 

the theoretical coefficient when' DE and Dpl have the values 

given by (7) and (9) respectively. From an examination of 
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F i g u r e  8 ,  i t  i s  e v i d e n t  t h a t  m a g n e t i c  d i f f u s i o n  i s  d o m i n a n t  

only f o r  t h e  h i g h  e n e r g y  t r a p p e d  p r o t o n s  of t h e  inner z o n e  

( c u r v e s  1 a n d  2 )  when D a n d  D a r e  g i v e n  t h e  v a l u e s  i n  E M 
e q u a t i o n s  7 a n d  9 ,  r e s p e c t i v e l y .  T h i s  r e s u l t s  f r o m  t h e  s h o r t  

d r i f t  p e r i o d  of  t h e s e  p r o t o n s ,  w h i c h  makes DE s m a l l . . M a g n e t i c  

d i f f u s i o n  a l s o  becomes i m p o r t a n t  f o r  t h e  l a r g e s t  v a l u e s  o f  L 

for s e v e r a l  o f  t h e  p a r t i c l e  p o - p u l a t i o n s  ( c u r v e s  6-9) i n  

F i g u r e  8 b e c a u s e  i t s  L d e p e n d e n c e  i s  s t r o n g e r  t h a n  t h a t  o f  

e l e c t r i c  d i f f u s i o n .  C l e a r l y ,  d i f f e r e n t  c h o i c e s  f o r  t h e  

p a r a m e t e r s  i n  D w i l l  n o t  b r i n g  s i g n i f i c a n t l y  b e t t e r  a g r e e m e n t  

. 

$1 

among t h e  r e p o r t e d  v a l u e s  compared  i n  F i g u r e  8 .  I f  a sma l l e r  

v a l u e  i s  s e l e c t e d  f o r  D o n l y  c u r v e s  1 a n d  2 o f  F i g u r e  8 w i l l  M' 
- be a f f e c t e d  i n  a n  i m p o r t a n t ' w a y  s i n c e  D l a r g e l y  d e t e r m i n e s  E 

t h e  p o s i t i o n  o f  t h e  o t h e r  c u r v e s  a l r e a d y . .  If a - l a r g e r  v a l u e  

i s  s e l e c t e d  f o r  D c u r v e s  1 and 2 w i l l  no  l o n g e r  i n d i c a t e  

a g r e e m e n t ,  w h i l e  t h e  s i t u a t i o n  i n  t h e  o u t e r  z o n e  becomes  

M' 

worse s i n c e  t h r e e  o f  t h e  e x p e r i m e n t a l  v a l u e s  a r e  a l r e a d y  

s u b s t a n t i a l . l y  b e l o w  D T' 
- S e v e r a l  g e n e r a l  comments may b e  made c o n c e r n i n g  t h i s  

c o m p a r i s o n .  T h e r e  i s  a g r o u p  o f  s i x  i n n e r  z o n e  m e a s u r e m e n t s  

w h i c h ,  t o g e t h e r  w i t h  t h e  Newkirk a n d  Walt o u t e r  z o n e  m e a s u r e m e n t ,  

a r e  i n  r e a s o n a b l e  a g r e e m e n t  w i t h  D as  f a r  as  t h e i r  m a g n i t u d e  

i s  c o n c e r n e d .  ThePr  L v a r i a t i o n s  t e n d  t o  b e  somewhat  d i f f e r e n t ,  

.I T 

.. i n  g e n e r a l .  I n  some cases  t h i s  may b e  d u e  t o  t h e  s o l u t i o n  

t e c h n i q u e  employed ,  o r  t h e  l i m i t e d  r a n g e  o f  L i n  a p a r t i c u l a r  

d e t e r m i n a t i o n .  I n  p a r t i c u l a r ,  t h e  ' d i f f u s i o n  c o e f f i c i n n t  h a s  
?I 
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b e e n  assumed t o  h a v e  a power l a w  v a r i a t i o n  i n  L ,  i.1 c o o r d i n a t e s  

in many o f  t h e s e  c a l c u l a t i o n s  ( i n c l u d i n g  t h e  p r e s e n t  work ) .  

N a t u r a l l y ,  t h o s e  v h o  h a v e  assumed a power l a w  h a v e  o b s a i n e d  

t h a t  r e s u l t .  The t h e o r y  d o e s  n o t  p r e d i c t  s u c h  a v a r i a t i o n  

e x c e p t  i n  s p e c i a l ' c a s e s ,  a l t h o u g h  a power l a w  may b e  a r e a s o n a b l e  

r e p r e s e n t a t i o n  o v e r  a r e s t r i c t e d  r a n g e  i n  L.  

The two i n n e r  z o n e  p o i n t s - w h i c h  a r e  c l e a r l y  i n  d i s a g r e e m e n t  

w i t h  DT w e r e  d e t e r m i n e d  f r o m  t h e  s p r e a d i n g  o f  t h e  a r t i f i c i a l l y  

i n j e c t e d  e l e c t r o n ' s  o f  t h e  USSR n u c l e a r  t e s t  o f  November 1, 1 9 6 2  

a n d  t h o s e  f r o m  on.e o f  t h e  U S  A r g u s  t es t s .  The o t h e r  two p o i n t s  

a t  somewhat  l a r g e r  L i n  t h e  i n n e r  z o n e  a r e  f r o m  t h e  o t h e r  two 

T *  Argus t e s t s ,  a n d  t h e y  a r e  i n  b e t t e r  a g r e e m e n t  w i t h  D 

The s t e e p  r a d i a l  g r a d i e n t  o f  t h e  d i s t r i b u t i o n  f u n c t i o n  and  

the  many d e t e r m i n a t i o n s  of  i t s  s h a p e  d u r i n g  t h e  d e c a y  o f  t h e  

e l e c t r o n s  f r o m  t h e  USSR t e s t  make t h e  p o i n t  a t  L o f  1 . 7 6  o n e  of 

t h e  more  r e l i a b l e  d e t e r m i n a t i o n s .  From q u a l i t a t i v e  o b s e r v a t i o n s  

of t h e s e  i n j e c t e d  e l e c t r o n s ,  i t  seemed p o s s i b l e  t o  p r e d i c t  

t h a t  i n w a r d  r a d i a l  d i f f u s i o n  c o u l d  n o t  p o p u l a t e  t he  i n n e r  zone .  

S i n c e  i t  i s  o n e  c o n c l u s i o n  o f  t h i s  p a p e r  t h a t  r a d i a l  d i f f u s i o n  

does i n d e e d  r e p o p u l a t e  t h e  i n n e r  z o n e ,  t h e  p e r i o d  o f  d e c a y  

of t h e  e l e c t r o n s  f r o m  t h e  USSR t e s t  a n d  f r o m  o n e  of  t h e  Argus  . 
tests may h a v e  b e e n  u n u s u a l l y  q u i e t .  T h e s e  a r t i f i c i a l  e l e c t r o n  

p o p u l a t i o n s  d i d  h a v e . o n e  f e a t u r e  u n i q u e  among a l l  o t h e r  

p o p u l a t i o n s  f r o m  w h i c h  d i f f u s i o n  c o e f f i c i e n t s  h a v e  b e e n  

C a l c u l a t e d :  t h e y  c o n s i s t e d  p r i m a r i l y  o f  e l e c t r o n s  m i r r o r i n g  

. .  . 



at l ow a l t i t u d e s  d u r i n g  t h e  e a r l y  p e r i o d  i n  w h i c h  t h e  d i f f u s i o n  

' c o e f f i c i e n t s  w e r e  computed .  However,  t h e  t h e o r y  shows t h a t  

D h a s  o n l y  a weak d e p e n d e n c e  on  p a r t i c l e  p i t c h  a n g l e  t h r o u g h  E 
and i t  i s  n o t  o t h e r w i s e  a p p a r e n t  how t h e  p i t c h  a n g l e  'd 

d i s t r i b u t i o n  m i g h t  b e  i m p o r t a n t  t o  t h e  p r o b l e m .  

In a d d i t i o n  t o  t h e s e  i n n e r  z o n e  v a l u e s ,  t h e r e  e x i s t s  a 

g r o u p  o f  t h r e e  o u t e r  z o n e  v a l u e s  w h i c h  a r e  s m a l l e r  t h a n  D T by . 

f a c t o r s  v a r y i n g  f r o m  20 t o  50. It i s  t h e  d e p a r t u r e  o f  t h e s e  

values f r o m  DT w h i c h  r e p r e s e n t s  t h e  l a r g e s t  d i s c r e p a n c y  

b e t w e e n  e x p e r i m e n t  a n d  t h e  t h e o r y  -which h a s  b e e n  a s sumed  t o  

a p p l y .  One o f  t h e s e  r e s u l t s  ( L a n z e r o , t t i  a., 1 9 7 0 )  r e p r e s e n t s  

. 

an a d d i t i o n a l  d e t e r m i n a t i o n  of t h e  d i f f u s i o n  c o e f f i c i e n t  f o r  

the same e v e n t  s t u d - i e d  by Newkirk  and  W a l t ,  a l t h o u g h  a p p l i c a b l e  

t o  somewhat  d i f f e r e n t  p a r t i c l e  e n e r g i e s ,  L r a n g e s ,  a n d  t i m e  

. p e r i o d s .  The  r e a s o n s  f o r  t h i s  d i s c r e p a n c y  and  t h e  r e l a t i v e  

merits of  the  t e c h n i q u e s  f o r  o b t a i n i n g  D h a v e  b e e n  a d e q u a t e l y  

d e b a t e d  e l s e w h e r e  (Walt  -- a n d  Newki rk ,  1 9 7 1 ;  L a n z e r o t t i  e t  a l . ,  

1 9 7 1 ) .  

.The r e p o r t e d  v a l u e s  o f  Nakada a n d  Mead (1965)  a n d  Sgraas  

(1969). b o t h  s u f f e r  f r o m  a n  e r r o r  i n  w h i c h  t h e  f a c t o r  v-' i n  

e q u a t i o n  2 was o m i t t e d  when c o n v e r s i o n  w a s  made f r o m  m e a s u r e d  

flux to t h e  r e q u i r e d  d i s t r i b u t i o n  f u n c t i o n .  It  i s  n o t  l i k e l y  

that t h i s  w i l l  p r o d u c e  a n  e r r o r  i n  D of a f a c t o r  20 t o  5 0 .  

. .  

- P r e s e n t  t h e o r i e s  p o s t u l a t e  t h a t  t h e  m a g n e t i c  and  e l e c t r i c  

fields whose f l u c t u a t i o n s  p r o d u c e  r a d i a l  d i f f u s i o n  a re  

c o m p a r a b l e  i n  s c a l e  t o  t h e  s i z e  of  t h e  m a g n e t o s p h e r e ,  a n d  t h e r e  



. .  

are  no o b v i o u s  r e a s o n s  why i n n e r  o r  o u t e r  z o n e  v a l u e s  s h o u l d  

n o t  b e  p r e d i c t a b l e  f r o m  t h e  same t h e o r y .  I t  i s  p o s s i b l e  t h a t  

some or a l l  of t h e  a p p a r e n t  d i s c r e p a n c i e s  may b e  r e s o l v e d  by 

t h e  d i s c o v e r y  o f  more  l o c a l i z e d  f i e l d  f l u c t u a t i o n  phenomena,  

. o r  by d e t e r m i n a t i o n  o f  t h e  a c t u a l  t i m e  v a r i a t i o n s  o f  - l a r g e -  

s ca l e  f l u c t u a t i o n  phenomena.  . .  . 

C o n c l u s i o n s  

1. The i n n e r  r a d i a t i o n  z o n e  i s  r e p o p u l a t e d  w i t h  e l e c t r o n s  

d u r i n g  a n d  a f t e r  l a r g e  m a g n e t i c  s t o r m s .  E l e c t r o n s  a c c e l e r a t e d  

i n  o r  t r a n s p o r t e d  t o  t h e  o u t e r  r a d i a t i o n  z o n e  d u r i n g  t h e  a c t i v e  

p e r i o d  of t h e  s t o r m  d i f f u ' s e  r a d i a l l y  i n w a r d  a c r o s s  t h e  n o r m a l l y  

empty  s l o t  r e g i o n  and  r e a c h  t h e  i n n e r  z o n e ,  w h e r e  t r a p p e d  

e l e c t r o n  l i f e t i m e s  a r e  v e r y  l o n g .  

2.  T h e . d i f f u s i o n  c o e f f i c i e n t  r e q u i r e d  t o  d r i v e  t h i s  d i f f u s i o n  

is c o n s i s t e n t  w i t h  t h a t  w h i c h  would  r e s u l t  f r o m  v a r i a t i o n s  o f  . 

a l a r g e - s c a l e  e l e c t r i c  f i e l d  a c r o s s  t h e  m a g n e t o s p h e r e  a n d  

w i t h i n  t h e  p l a s m a p a u s e ,  e x t e n d i n g  t o  a n  L a t  l e a s t  as low as  

1.7. The  r . e q u i r e d  m a g n i t u d e  and  c h a r a c t e r i s t i c  p e r i o d  a r e  

0 . 2 8 . m ~  p e r  meter a n d  1600  s e c o n d s ,  r e s p e c t i v e l y .  T h e s e  v a l u e s  

are  i r r  r o u g h  a g r e e m e n t  w i t h  l i m i t e d  e x p e r i m e n t a l  o b s e r v a t i o n s .  

3. If t h e  v a l u e s  g i v e n  a b o v e  f o r  t h e  e l e c t r i c  f i e l d  a m p l i t u d e  

a n d  t i m e  v a r i a t i o n  are  c o r r e c t  a n d  a p p r o p r i a t e  f o r  t h e  e n t i r e  

m a g n e t o s p h e r e ,  t h e n  t h e  r a d i a l  d i f f u s i o n  of  a l l  p a r t i c l e  

p o p u l a t i o n s  studied t h u s  f a r ,  w i t h  t h e  e x c e p t i o n  o f  t h e  h i g h -  

e n e r g y  i n n e r  z o n e  p r o t o n s ,  i s  s t r o n g l y  a f f e c t e d  b y  t h e s e  e l e c t r i c  

f i e l d  v a r i a t i o n s .  The h i g h  e n e r g y  p r o t o n s ,  b e c a u s e  o f  t h e i r  
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short drift periods, are little affected by electric field 

va.riations whose period is 1600 seconds. Their diffusion must 

be due to magnetic variations (as assumed in the foregoing 

discussion) or to as yet unreported electric field variations 

of shorter periods. 

4.. A review and comparison of previously published radial 

diffusion coefficients results with predictions of the simple 

theory indicate an area of general agreement on the magnitude 

of the coefficient in the inner radiation zone, at least when 

reasonable allowance is made for possible uncertainties in data 

and techniques, as well as some allowance for time variation 

of the diffusion process. A group of outer zone measurements 

cannot be reconciled with the other measurements using the 

simple theory, leaving an important discrepancy for both 

theoretical and experimental study. 

L 
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